The mechanical response and dislocation substructure of Inconel 690 during impact deformation are investigated at strain rates of 2 © 10 3 ³ 6 © 10 3 s ¹1 and temperatures of ¹150°C, 0°C and 25°C using a compressive split-Hopkinson pressure bar system. The results show that the flow stress, work hardening rate and strain rate sensitivity all increase with increasing strain rate or decreasing temperature. By contrast, the activation volume reduces as the strain rate increases or the temperature decreases. Moreover, the temperature sensitivity increases with both increasing strain rate and increasing temperature. Optical microscopy observations show that adiabatic shear bands are formed at the highest strain rate of 6 © 10 3 s ¹1 in all of the tested specimens. In addition, it is shown that adiabatic shear localisation is the major cause of specimen failure in every case. The dislocation density increases, and the cell size decreases, as the strain rate is increased or the temperature decreased. The change in the dislocation density and cell size is found to have a significant effect on the flow stress and work hardening behaviour of the Inconel 690 specimens; particularly at high strain rates or low temperatures.
Introduction
Inconel 690 is one of the most important nickel-based superalloys, and is used extensively in the construction of gas turbines, nuclear reactors, spacecraft, liquid-fuel rocket engines, autonomous underwater vehicles, cryogenic storage tanks, and combustion systems due to its good corrosion resistance, high strength and outstanding weldability. 1, 2) In many applications, Inconel 690 components are subject to deformation at both high strain rates and cryogenic temperatures. For example, in autonomous underwater vehicles, 3) cryogenic storage tanks and liquid-fuel rocket engines, 4) the components frequently operate at strain rates of 10 2 ³ 10 4 s
¹1
and temperatures as low as ¹200°C. The literature contains many investigations into the response and microstructural evolution of Inconel 690 under quasi-static or dynamic loading conditions at room or elevated temperatures.
510)
By contrast, the high strain rate deformation behaviour of Inconel 690 under cryogenic temperatures has attracted relatively little attention. However, in designing Inconel 690 structural components for implementation in arduous operating conditions, such an understanding is urgently required. The mechanical properties of engineering metals and alloys are significantly dependent on the strain rate and temperature.
1115) Generally speaking, the work hardening behaviour and flow stress of such materials increases with increasing strain rate or decreasing temperature. Moreover, the strain rate sensitivity of the flow stress increases significantly at strain rates greater than 10 3 s ¹1 . Various rate-controlling mechanisms have been proposed to explain this deformation behaviour, including dislocation damping, thermal activation and dislocation generation. 16, 17) In practice, the dynamic deformation behaviour of metallic materials at high strain rates is determined by the result of a competition process between the work hardening effect induced by plastic deformation and the thermal softening effect induced by the heat produced during deformation. For deformation under adiabatic conditions, the thermal softening effect exceeds the work hardening effect, and thus material instability occurs. Once an unstable condition is attained, extreme localisation of the deformation occurs; resulting in the formation of adiabatic shear bands. 18, 19) The literature contains various proposals for the possible mechanisms responsible for the initiation and propagation of adiabatic shear bands 2022) and for constitutive equations to describe their behaviour.
2325)
Many studies have shown that impact loading leads to the formation of dislocations in the deformed microstructure, which result in turn in a change in the mechanical properties.
2628) In addition, it has been widely reported that the dislocation density increases with increasing strain and strain rate.
2931) Moreover, the square root of the dislocation density is inversely related to the flow stress.
3234) The high strain rates associated with impact loading result in a rapid multiplication of the dislocations, and thus the equilibrium structure of high stacking fault FCC metals and alloys is characterised by a large number of dislocation cells. 35) As the strain rate increases, the size of the dislocation cells reduces; leading to a greater rate of work hardening and an enhanced flow resistance. It has been shown that the relationship between the average dislocation cell size, the flow stress and the hardening behaviour can be described using a common power law model. 36) The present study utilises a compressive split-Hopkinson pressure bar (SHPB) system to investigate the impact response of Inconel 690 at temperatures ranging from ¹150 ³ 25°C and strain rates of 2 © 10 3 ³ 6 © 10 3 s ¹1 . Transmission electron microscope (TEM) observations are performed to examine the dislocation substructures of the deformed specimens. Finally, the correlation between the properties of the deformation microstructure and the mechanical response of the Inconel 690 specimens is systematically examined and discussed. acquired in plate form from Inco Alloys International (Huntington, Virginia, USA). Prior to receipt, the plates were solution annealed at 1150°C for 1 h and then quenched in water. The chemical composition of the as-received solution-annealed alloy (mass%) was as follows: 29.33% Cr, 10.01% Fe, 0.29% Ti, 0.19% Al, 0.10% Cu, 0.03% Co, 0.02% Mo, 0.02% W, 0.01% C, and a balance of Ni. Figure 1 (a) presents an optical micrograph of a typical specimen prepared from the as-received plate. As shown, the microstructure consists of equiaxed grains with an average size of 42 µm and a small number of annealing twins. In addition, discrete inter-and intra-granular (M 23 C 6 ) chromium carbides and titanium carbonitrides Ti(C,N) are also observed within the matrix. The M 23 C 6 and Ti(C,N) particles create a barrier effect, which accelerates the generation and accumulation of dislocations during impact deformation. Figure 1 (b) presents a TEM image of the dislocation structure of the asreceived alloy. It is seen that the microstructure contains a relatively small number of dislocations. It is further observed that most of the dislocations have an edge characteristic and are aligned along specific crystallographic planes. Cylindrical specimens with a length of 5 « 0.1 mm and a diameter of 5.2 mm were machined from the alloy plates with the impact axes parallel to the longitudinal direction and were finished to a final diameter of 5 « 0.1 mm via a centre-grinding process.
The dynamic impact tests were conducted using a SHPB system at strain rates of 2 © 10 3 s ¹1 , 4 © 10 3 s ¹1 and 6 © 10 3 s ¹1 , respectively, and temperatures of ¹150°C, 0°C and 25°C. The striker bar, incident bar and transmitter bar of the SHPB apparatus (see Fig. 2 ) were made of DC53 die steel and had a diameter of 15 mm. The incident bar and transmitter bar each had a length of 1 m, while the striker bar had a length of 317 mm. In performing the tests, the specimens were sandwiched between the incident bar and the transmitter bar, and the incident bar was then impacted by the striker bar (fired by a gas gun). To ensure a uniaxial deformation state (i.e., frictionless conditions), the end surfaces of each specimen were lubricated using commercial molybdenum disulfide (Molykote). The low testing temperatures of 0°C and ¹150°C were obtained by fitting a refrigeration system around the specimen. Liquid nitrogen and alcohol were added to the system at the beginning of the experimental tests and were replenished periodically in order to maintain a constant fluid level. Following impact, the strain pulses within the incident and transmitter bars were detected by means of strain gauges mounted at the midpoint of each bar. The compressive stress-strain response of the specimen was then established in accordance with uniaxial elastic wave theory. 37) Specifically, based on the recorded values of the incident, reflected and transmitted pulses (i.e., ¾ i , ¾ r and ¾ t , respectively), the average compressive engineering strain ¾ e , nominal strain rate _ ¾, and average compressive engineering stress · e were calculated as follows:
where C 0 is the longitudinal wave velocity; L 0 is the effective gauge length of the specimen; E is the Young's modulus of the split-Hopkinson bars; and A and A 0 are the cross-sectional areas of the split-Hopkinson bars and specimen, respectively. Having obtained the engineering stress-strain data, the true stress (· T ) and true strain (¾ T ) were determined respectively as
To ensure the reliability of the experimental results, three tests were performed under each of the considered strain rate/ temperature conditions. The stress-strain curves for each test condition were then obtained by means of a least-squares fitting technique.
Following the impact tests, the deformed specimens were ground progressively using abrasive papers with grit sizes ranging from 180 to 1200 mesh. The ground specimens were polished with a micro-cloth dipped in a slurry of water and 0.3-µm alumina particles, and were then etched in a solution comprising 70 ml of H 3 PO 4 and 30 ml of D.I. water. The specimens were observed using an Axiovert 200 Mat optical microscope. Thin foils and discs for TEM observations were prepared from the deformed specimens by cutting slices with a thickness of 0.5 mm in a direction perpendicular to the compression axis. The slices were ground to a final thickness of 0.2 mm using 1200 grit size soft paper and discs with a diameter of 3 mm were then trepanned from each slice using an electron discharge machining system. The foils were electro-polished in a solution of 10% perchloric acid and 90% methanol at a temperature of ¹20°C using a twin-jet polishing machine with an agitation voltage of 20 V DC. The specimens were observed using a JEOL TEM-3010 scanning transmission electron microscope with an operating voltage of 300 kV. In addition, the detailed characteristics of the fracture features were examined using a Philip's XL-40FEG scanning electron microscope (SEM) with an operating voltage of 20 kV.
Results and Discussions

Stress-strain curves
Figures 3(a)³3(c) show the true stress-strain curves of the Inconel 690 specimens tested at strain rates of 2 © 10 3 s ¹1 , 4 © 10 3 s ¹1 and 6 © 10 3 s ¹1 , respectively. It is seen that the flow behaviour of the specimens is strongly dependent on both the strain rate and the temperature. Specifically, the flow stress increases with increasing strain rate or decreasing temperature. From inspection, the maximum increase in the flow stress is found to be 420 MPa as the temperature is reduced from 25°C to ¹150°C at a strain rate of 6 © 10 3 s
¹1
( Fig. 3(c) ). For each strain rate and temperature, the rate at which the flow stress increases with increasing strain is different; indicating a difference in the work hardening rate under different loading conditions. Furthermore, for a given strain rate, the maximum true strain decreases with decreasing temperature. Thus, it is inferred that a loss of ductility occurs at lower deformation temperatures. It is noted that none of the specimens fail when tested at strain rates lower than 4 © 10 3 s
. However, at the highest strain rate of 6 © 10 3 s
, catastrophic failure occurs in all of the specimens. In other words, the Inconel 690 specimens experience a loss in toughness and fracture resistance when deformed under higher strain rates and cryogenic temperatures.
The true stress-strain curves shown in Fig. 3 indicate that the work hardening rate (@·=@¾) is dependent on the strain, strain rate and temperature. Table 1 shows the variation of the work hardening rate with the temperature at true strains ranging from 0.04 to 0.7 and strain rates of 2 © 10 3 s ¹1 , 4 © 10 3 s ¹1 and 6 © 10 3 s
, respectively. It is observed that for a given strain rate and temperature, the work hardening rate decreases with increasing strain; indicating that a greater rate of dislocation generation and multiplication takes place during the early stages of the deformation process. For a constant true strain, the work hardening rate increases with increasing strain rate, but decreases with increasing temperature. Thus, it is inferred that a higher strain rate induces a more intensive generation and accumulation of dislocations during deformation, while a higher temperature prompts a stronger microstructural recovery process.
Strain rate sensitivity and thermal activation volume
Figure 4(a) shows the variation of the flow stress with the logarithmic strain rate as a function of the temperature at true strains of 0.1 and 0.5, respectively. It is seen that for both values of the true strain, the flow stress increases more rapidly at strain rates in the range of 4 © 10 3 ³ 6 © 10 3 s ¹1 . In other words, the strain rate sensitivity of the Inconel 690 alloy specimens increases at higher strain rates. Some researchers have argued that the abrupt increase in the strain rate sensitivity of engineering metals and alloys at higher strain rates is the result of a change in the rate-controlling mechanism from thermal activation to dislocation drag. 16) However, other studies have attributed the enhanced strain rate sensitivity to an increased rate of dislocation generation, the rapid formation of twin structures, or a greater degree of martensite transformation. 17, 28) The strain rate sensitivity of the Inconel 690 specimens can be characterised via the following parameter:
where the compressive stresses · 2 and · 1 are obtained from tests conducted at average strain rates of _ ¾ 2 and _ ¾ 1 , respectively. Figures 4(b) and 4(c) show the variation of the strain rate sensitivity with the strain as a function of the temperature given strain rate ranges of 2 © 10 3 ³ 4 © 10 3 s ¹1 and 4 © 10 3 ³ 6 © 10 3 s ¹1 , respectively. Comparing the two figures, it is seen that for a given strain and deformation temperature, the strain rate sensitivity increases with increasing strain rate. In addition, it is observed that for a given strain rate range, the strain rate sensitivity increases with increasing strain, but decreases with increasing temperature. At low strain rates (i.e., 2 © 10 3 ³ 4 © 10 3 s
¹1
), the rate of increase of the strain rate sensitivity with increasing strain is almost the same for all three deformation temperatures. However, at high strain rates (i.e., 4 © 10 3 ³ 6 © 10 3 s
), the strain rate sensitivity increases more rapidly with increasing strain as the temperature reduces. It is thought that the increase in the strain rate sensitivity at higher strain rates and lower temperatures is the result of a greater dislocation multiplication rate.
The plastic deformation of metals and alloys is known to be governed by a thermal activation process. For a given material, the activation volume,¯Ã, can be computed as 38, 39 )
where ÁG Ã is the activation energy associated with the plastic deformation process, K is the Boltzmann constant and has a value of K = 1.38 © 10 ¹23 J K
, T is the absolute temperature, and ¢ is the strain rate sensitivity. Figures 5(a) and 5(b) show the variation of the activation volume with the true strain as a function of the temperature given strain rate 10) It is seen that for a constant strain and strain rate range, the activation volume increases with increasing temperature. However, for a constant temperature, the activation volume decreases with increasing strain and strain rate. The increased activation volume at a higher temperature implies that the stress required to accomplish deformation is reduced due to the assistance of the thermal activation energy. An inspection of the two figures shows that the normalised activation volume is more than unity only for the specimens tested at 0°C and 25°C under strain rates of 2 © 10 3 s ¹1 ³ 4 © 10 3 s ¹1 and true strains of less than 0.2 and 0.35, respectively (Fig. 5(a) ). This indicates that the deformation of the present Inconel 690 specimens is not dominated by thermal activation, but is in fact determined mainly by enhanced dislocation generation, as reported by Conrad.
38,39)
Temperature sensitivity
Figure 6(a) shows the variation of the flow stress with the deformation temperature as a function of the strain and strain rate. The results show that a significant thermal softening effect occurs as the deformation temperature is increased. In addition, it is seen that the rate of reduction in the flow stress with increasing temperature is particularly apparent in the specimen deformed at the highest strain rate of 6 © 10 3 s ¹1 . The temperature sensitivity of the deformed specimens can be quantified as follows:
where the compressive stresses · 2 and · 1 are obtained in tests conducted at temperatures of T 2 and T 1 , respectively. Figures 6(b) and 6(c) show the variation of the temperature sensitivity with the true strain as a function of the strain rate for temperature ranges of ¹150³0°C and 0³25°C, respectively. It is observed that for a given temperature range, the temperature sensitivity increases with increasing strain and strain rate; indicating a deformation-induced heating effect. Moreover, for a constant strain and strain rate, the temperature sensitivity increases with increasing temperature. For both temperature ranges, the temperature sensitivity increases more rapidly at a strain rate of 6 © 10 3 s
¹1
. This is most likely the result of a greater adiabatic heating effect during the dynamic deformation process, and accounts for the fact that specimen failure occurs only at the highest strain rate of 6 © 10 3 s ¹1 , as shown in Fig. 3(c) .
Fracture feature observations
Figures 7(a)³7(c) present optical micrographs of the Inconel 690 specimens deformed at a strain rate of 6 © 10 3 s ¹1 and temperatures of 25°C, 0°C and ¹150°C, respectively. Note that the loading direction (LD) is perpendicular to the image plane. In all three micrographs, a narrow adiabatic shear band is observed tracing a circular path along the transverse section perpendicular to the impact direction. A close inspection reveals the presence of microcrack nucleation, growth and coalescence within the shear bands. Figures 8(a) and 8(b) present optical micrographs of the cross-section parallel to the loading direction for specimens deformed at a strain rate of 6 © 10 3 s ¹1 and temperatures of 25°C and ¹150°C, respectively. Both figures show the presence of an adiabatic shear band running across the specimen at an angle of 45°to the loading direction. Overall, the images presented in Figs. 7 and 8 suggest that crack initiation and propagation occurs within these adiabatic bands, and leads to the eventual catastrophic failure of the specimens.
Figures 9(a)³9(c) present SEM fractographs of the specimens deformed at a strain rate of 6 © 10 3 s ¹1 and temperatures of 25°C, 0°C and ¹150°C, respectively. It is seen that the fracture surfaces contain dimple-and/or cleavage-like features. For the specimen deformed at 25°C, the dimples are evenly distributed over the fracture surface; indicating a ductile failure mode. At a lower deformation temperature of 0°C, the fracture surface contains both dimple structures and cleavage structures. However, the dimples are smaller and fewer in number than those in the specimen deformed at 25°C. For the lowest deformation temperature of ¹150°C, the fracture surface is comprised almost entirely of cleavage structures. Overall, the fractographs indicate that the Inconel 690 specimens experience a significant loss in ductility at lower deformation temperatures. Note that this finding is consistent with the flow stress-strain results presented in Fig. 3(c) , which show that the fracture strain reduces with reducing temperature.
Dislocation substructure observations
Figures 10(a)³10(c) present TEM images of the Inconel 690 specimens deformed at a strain rate of 2 © 10 3 s ¹1 and temperatures of 25°C, 0°C and ¹150°C, respectively. Note that the loading direction (LD) is perpendicular to the image plane. It is seen that the microstructure of the specimen deformed at 25°C consists predominantly of cell-like structures with a high dislocation density in the cell wall and a somewhat reduced dislocation density in the cell interior ( Fig. 10(a) ). It has been reported that dislocation cell structures are readily formed in materials having a stacking fault energy greater than 60 mJ/m 2 . 35) Inconel 690 alloy has a stacking fault energy of 61 mJ/m 2 , 40) and thus the existence of cell structures in the deformed microstructures is not unexpected. An observation of Fig. 10(b) shows that when the deformation temperature is reduced to 0°C, the dislocation density increases. Furthermore, the dislocation cells are seen to have an elongated structure and an increased degree of dislocation tangling in the walls. At the lowest deformation temperature of ¹150°C, both the number of cell structures and the degree of dislocation tangling increase (Fig. 10(c) ). Furthermore, the size of the individual dislocation cells decreases. It is inferred that the smaller, denser and more tangled structures at this cryogenic temperature lead to a greater work hardening and strengthening effect. . It is noted that while the temperature-dependent morphologies of the deformed microstructures are similar to those shown in Figs. 10(a)³10(c) , the dislocation density and cell size are different. Specifically, the dislocation density at a strain rate of 6 © 10 3 s ¹1 is higher than that at a strain rate of 2 © 10 3 s ¹1 . However, the dislocation cell size at 6 © 10 3 s
¹1
is smaller than that at 2 © 10 3 s ¹1 . The increased dislocation density prompts the formation of a tangled dislocation substructure, which reduces the mobility of the dislocations and therefore enhances the resistance of the Inconel 690 alloy to plastic deformation. Thus, as shown in Fig. 3 , for a constant true strain, the flow stress increases with increasing strain rate or decreasing temperature.
An observation of Figs. 10(a)³10(f ) shows that the dislocations in the impacted microstructure become tangled under higher strain rates and lower temperatures. As a consequence, the resistance encountered by the moving dislocations increases; leading to an enhanced work hardening effect. Figure 11 shows the variation of the square root of the dislocation density with the strain rate as a function of the temperature given a true strain of 0.5. (Note that the corresponding variation in the flow stress is also shown.) It is seen that the square root of the dislocation density increases with increasing strain rate, but decreases with increasing temperature. Moreover, the rate of increase of the dislocation density is more evident at ¹150°C than at 0°C or 25°C. In other words, the work hardening rate of the Inconel 690 specimens increases as the deformation temperature reduces.
Conclusions
The impact deformation behaviour and dislocation substructure of Inconel 690 alloy have been examined at strain rates of 2 © 10 3 to 6 © 10 3 s ¹1 and temperatures of ¹150°C, 0°C and 25°C using a split-Hopkinson pressure bar system. The results have shown that the flow stress increases with increasing strain rate, but decreases with increasing temperature. Moreover, the strain rate sensitivity and work hardening rate increase with increasing strain rate and decreasing temperature. The thermal activation volume increases with increasing temperature and decreasing strain rate. Meanwhile, the temperature sensitivity increases with increasing strain rate and increasing temperature. The OM and SEM observations have shown that at the highest strain rate of 6 © 10 3 s
¹1
, the Inconel 690 specimens facture at each of the considered deformation temperatures as a result of adiabatic shear localisation and cracking. In addition, it has been shown that for each considered strain rate, the Inconel 690 specimens become increasingly brittle as the deformation temperature is reduced. The dislocation density increases markedly with increasing strain rate and decreasing temperature, and results in a smaller dislocation cell size. Finally, the enhancement of the flow stress and work hardening response in the present Inconel 690 specimens is directly related to a change in the dislocation density and cell size.
